Introduction {#s001}
============

Myocardial tissue in patients suffers from ischemia-reperfusion (I/R) which results in poor clinical outcomes (Prasad et al., [@B30]). Therefore, effective primary prevention and advances in cardiac treatment are necessary to the improvement of the care of myocardial ischemia patients (Binder et al., [@B5]). Rosuvastatin (RS), which belongs to statins, is 3-hydroxy-3-methylglutaryl-coenzyme A (HMG-CoA) reductase inhibitor used to reduce cholesterol rates. Recent studies indicated that statins had neuroprotective, anti-ischemic, and antioxidant effects (Ajith et al., [@B1]; Stepien et al., [@B33]). Besides, particularly, RS upregulated endothelial nitric oxide to protect cells against damage (Laufs et al., [@B20]).

Oxygen-glucose deprivation/reoxygenation (OGD/R) in cardiocyte is used as a model to study I/R injury *in vitro* (Li et al., [@B21]; Zhang et al., [@B38]). The aim of this study was to investigate whether RS had the effect on H9C2 cell during OGD/R and the mechanism of action.

MicroRNA (miRNA), endogenous short noncoding RNA with a length of 18--25 bp, can inhibit protein expression by combining the target mRNA. miRNAs-mediated gene regulation is related to various mechanism, including proliferation, apoptosis, and differentiation (Shin and Chu, [@B32]). mir17 microRNA cluster contains *miR-17*, *miR-18*, *miR-19a*, *miR-19b*, *miR-20*, *miR-25*, *miR-92*, *miR-93*, *miR-106a*, and *miR-106b* (Tanzer and Stadler, [@B34]). Several studies suggested that *miR-17* was associated with cell survival and autophagy process (Comincini et al., [@B8]; Liao et al., [@B24]; Yang et al., [@B37]). Besides, *miR-17-3p*, processing from the 3′arm of precursor *miR-17* can inhibit mitochondrial antioxidant enzymes in cancer cell and cardiac fibroblast senescence in mouse (Du et al., [@B11]; Xu et al., [@B36]).

Autophagy is an intracellular self-digesting way to remove long-lived proteins, damaged organelles, and malformed proteins during biosynthesis by lysosomes (Baehrecke, [@B3]). Chaperone-mediated autophagy, macroautophagy, and microautophagy are three basic types of autophagy. Macroautophagy is responsible for the degradation of cytoplasmic proteins and intracellular organelles, and microautophagy is regarded as a protective mechanism during I/R injury (Ma et al., [@B26]). Apart from the three basic types of autophagy, studies reported two new types of autophagy named "Rnautophagy" and "DNautophagy," which proposed that RNA or DNA could be degraded in lysosomes (Fujiwara et al., [@B14], [@B15]).

Autophagy is related to normal myocardium and heart disease (Czaja et al., [@B9]; Li et al., [@B23]). Studies on autophagy in myocardium remained controversial. Among them, some studies showed that cardiac autophagy protects against cardiomyocyte apoptosis (He et al., [@B17]; Ikeda et al., [@B19]), while others demonstrated that autophagy in cardiomyocyte led to cell injury (Ong and Gustafsson, [@B29]; Zhang et al., [@B40]). Whether autophagy protects from or promotes cardiomyocyte and the active mechanism of autophagy need to be studied in the future. Besides, in our study, we also explored the connection between miR-17-3p and autophagy in cardiomyocyte.

Materials and Methods {#s002}
=====================

OGD/R model and cell culture {#s003}
----------------------------

H9C2 were obtained from ATCC (Manassas, VA). Cells were cultured using free fetal bovine serum (FBS) and no-glucose Dulbecco\'s modified Eagle\'s medium (DMEM) (Gibco) with 5% CO~2~ and 1% O~2~ at 37°C for 6 hours after the cells having been washed with phosphate-buffered saline (PBS; Gibco) three times. After oxygen-glucose deprivation, the medium was changed with normal medium containing higher-glucose DMEM (Gibco), 10% FBS (Gibco) and 1% 10,000 U/mL penicillin-10,000 μg/mL streptomycin (Gibco) under 5% CO~2~ and 95% air at 37°C in an incubator (Thermo) for 1 hour. The cells were normally cultured using normal medium with 5% CO~2~ and 95% air at 37°C in an incubator (Thermo).

Transfection {#s004}
------------

miR-17-3p mimics and miR-17-3p inhibitor were purchased from Biomics (Nantong, China). miR-17-3p mimics, miR-17-3p inhibitor, and lipofectamine were diluted by free-FBS higher DMEM. Mimics or inhibitor was mixed with lipofectamine solution. After the cells were washed using PBS, the solution was added. The cells were then cultured normally for 24 hours.

Cell viability assay {#s005}
--------------------

H9C2 viability was measured using MTT assay. The cells were seeded into 96-well plate (Corning) at 4 × 10^3^ cells/hole and incubated for 24 hours. Then, cells were treated with drugs, or cells were exposed to OGD/R. MTT (Invitrogen) solution (0.5 mg/mL) was dissolved in PBS (Gibco). Liquid in hole was removed. Two hundred microliters MTT solution was added to hole, and the sample were incubated in an incubator (Thermo) at 37°C for 2--3 hours. Finally, 100 μL DMSO (Invitrogen) was added to lyse the cells after MTT solution had been removed. The samples were put in a dark room at 37°C for 15 minutes. The absorbance was measured at 490 nm using a microplate reader (Thermo).

Apoptosis {#s006}
---------

Cell apoptosis was assessed using dead cell apoptosis kit with Annexin V-FITC/PI (Invitrogen), and the operation was conducted following manufacturer\'s instructions. The cells were planted in a 75 mm dish at 1 × 10^6^ cells/dish for 24 hours. The cells were then treated with drugs or OGD/R. The cells were collected and resuspended in 100 μL cell solution at a concentration of 1 × 10^6^ cells/mL. Next, 5 μL FITC Annexin V and 5 μL PI working solution were added to cell solution to incubate for 15 minutes in dark room at room temperature. FITC and PI were measured by a flow cytometer (Thermo Scientific) at an excitation wavelength of 488 nm and emission wavelength of 530 nm.

Colorimetric assays {#s007}
-------------------

Lactate dehydrogenase (LDH) has been reported to assess the apoptotic cell or cell injury (Cao et al., [@B6]; Lobner, [@B25]). In brief, the cells were seeded at 96-well plates (Corning) at 4 × 10^3^ cells/hole and incubated for 24 hours. Then, the cells were treated with drugs or OGD/R. Supernatant in hole was collected in EP tube (Corning). The amount of LDH in supernatant was detected using LDH Activity Assay Kit (Thermo Scientific). The determination operation was performed following the product instruction. The absorbance was read by a microplate reader (Thermo Scientific) at the wavelength of 490 nm.

Western bolt {#s008}
------------

After the cells being treated with drugs or OGD/R, protein was extracted using a cell lysis buffer (Invitrogen) at 4°C 12,000 rad/min for 15 minutes. The concentration of protein was determined by BCA Protein Assay Kit (Thermo Scientific). Equal contents of protein were separated by SDS-PAGE, and protein was transferred to PVDF membranes (Invitrogen), which were blocked in 5% bovine serum albumin (BSA; Thermo Scientific) in TBST buffer (containing Tween-20) for 2 hours at room temperature. Primary antibody was dissolved in TBST, and the ratio of primary antibody to TBST was determined according to the product instructions. Primary antibody solution was used to incubate the membranes overnight at 4°C.

Primary antibody contained cleaved caspase-3 antibody (\#9661; Cell Signaling Technology), LC3B antibody (ab48394; Abcam), Cyto c antibody (ab133504; Abcam), and GAPDH antibody (ab9485; Abcam). Secondary antibody conjugated HRP (ab6721; Abcam) was used to incubate the membranes for 2 hours at room temperature. ECL reagent (Thermo Scientific) was added to membranes in a dark room at room temperature. The fluorescence was analyzed using ImageJ software.

Quantitative reverse transcription-polymerase chain reaction {#s009}
------------------------------------------------------------

Total RNA was extracted from the cells treated with drugs or OGD/R using TRIzol kit (Invitrogen). The cDNA was synthesized from total RNA (0.5 μg) at 48°C for 30 minutes and at 95°C for 10 minutes. The cDNA (0.7 μg) was subjected to polymerase chain reaction (PCR) by 45 cycles at 94°C for 45 seconds, 56°C for 30 seconds, and 72°C for 30 seconds. The primers and RNA were obtained from TianGen (Beijing, China).

These primers used in quantitative reverse transcription-PCR were as follows: miR-17-3p primer (forward: 5′-TGCGTTGACGTCACTCCCG-3′, reverse: 5′-GTGCAGGGTCCGAGGT-3′) and U6 primer (forward: 5′-CTCGCTTCGGCAGCACA-3′, reverse: 5′-ACGCTTCACGAATTTGCGT-3′). The relative expression level was analyzed using 2^−ΔΔCt^ method.

Statistical analysis {#s010}
--------------------

Data were shown as the mean ± SD, and all experiments were repeated at least three times. Significant differences between the two groups were analyzed by ANOVA with Tukey\'s test. Statistical significance can be accepted when *p* \< 0.05. The images were analyzed by ImageJ system.

Results {#s011}
=======

OGD/R decreases H9C2 cell viability and increases miR-17-3p level in H9C2 cell {#s012}
------------------------------------------------------------------------------

H9C2 cells were treated with OGD/R and then normally cultured. OGD/R decreased OD values ([Fig. 1A](#f1){ref-type="fig"}) and increased miR-17-3p level ([Fig. 1B](#f1){ref-type="fig"}), compared with the control group. Hence, H9C2 cell had a lower viability and a higher expression of miR-17-3p when the cells were in OGD/R.

![OGD/R decreases H9C2 cell viability and increases the expression of miR-17-3p. OGD/R was performed by means of free FBS and no-glucose Dulbecco\'s modified Eagle\'s medium (DMEM) in 5% CO~2~, 1% O~2~, and 37°C for 6 hours, then higher-glucose DMEM, 10% FBS and 1% penicillin-streptomycin in 5% CO~2~, 95% air, and 37°C for 1 hour. H9C2 cells were seeded in 96-well plate at 4 × 10^3^ cells/hole for 24 hours. Then, H9C2 cells were treated with OGD/R for 24 hours or 48 hours. **(A)** Cell viability was detected by MTT assay. **(B)** The expression level of miR-17-3p was analyzed via qRT-PCR assays. Values were presented by mean ± SD, and the relationship between the two groups was analyzed by ANOVA with Tukey\'s test (\* vs. Control group, \**p* \< 0.05, \*\**p* \< 0.01). FBS, fetal bovine serum; OGD/R, oxygen-glucose deprivation/reoxygenation; qRT-PCR, quantitative reverse transcription-polymerase chain reaction.](fig-1){#f1}

Effects of RS on OGD/R injury and the levels of miR-17-3p and LC3II/LC3I in H9C2 cell {#s013}
-------------------------------------------------------------------------------------

OD values did not have significant variation when the cells were treated with RS, showing that 0--10 μM RS did not exert effects on H9C2 cell viability ([Fig. 2A](#f2){ref-type="fig"}). Besides, H9C2 cells treated with RS had a higher miR-17-3p level, and the miR-17-3p level increased as the concentration of RS increased ([Fig. 2B](#f2){ref-type="fig"}). RS + OGD/R group had higher OD values, compared to OGD/R group, indicating that RS decreased the cell death caused by OGD/R ([Fig. 2C](#f2){ref-type="fig"}). OGD/R resulted in a higher LDH leakage, which was decreased by RS, however, RS had no significant effects on LDH levels in normal cells ([Fig. 2D](#f2){ref-type="fig"}).

![RS reduces OGD/R injury in H9C2 cell. H9C2 cells were seeded in 96-well plate at 4 × 10^3^ cells/hole. After 24 hours, the cells were treated with different concentrations of RS for 24 hours. RS + OGD/R group was performed as follows: H9C2 cells were incubated by 1 μM RS for 3 hours. Then, the cells were performed by OGD/R and normal circumstance for 21 hours after the cells were washed by PBS. **(A, C)** MTT assay detected cell viability. **(B, E)** miR-17-3p level was evaluated by qRT-PCR assays. **(D)** LDH leakage was assessed by colorimetric assays. **(F-H)** The levels of LC3II/LC3I and cleaved caspase-3 were measured by western blot. Values were presented by mean ± SD, and the relationship between two groups was analyzed by ANOVA with Tukey\'s test (\* vs. Control group, \^ vs. OGD/R group; \*\*\^\^*p* \< 0.01). RS, rosuvastatin; LDH, lactate dehydrogenase.](fig-2){#f2}

In addition, RS increased the expression of miR-17-3p in H9C2 cell treated with OGD/R ([Fig. 2E](#f2){ref-type="fig"}). OGD/R group had the highest expression of cleaved caspase-3, compared to other groups, whereas RS had a lower level of cleaved caspase-3; however, RS decreased cleaved caspase-3 level in H9C2 cell treated with OGD/R and had no significant effects on cleaved caspase-3 expression in normal cells ([Fig. 2F, G](#f2){ref-type="fig"}). Besides, RS increased protein levels of LC3II/LC3I in OGD/R group, and meanwhile OGD/R and RS also increased ratio of LC3II/LC3I, compared with control group ([Fig. 2F, H](#f2){ref-type="fig"}).

Effects of miR-17-3p mimics and miR-17-3p inhibitor on cell viability and LC3II/LC3I levels in H9C2 cell {#s014}
--------------------------------------------------------------------------------------------------------

miR-17-3p mimics upregulated the level of miR-17-3p, however, miR-17-3p inhibitor weakened the expression of miR-17-3p ([Fig. 3A](#f3){ref-type="fig"}). Besides, miR-17-3p inhibitor decreased OD values and miR-17-3p mimics ([Fig. 3B](#f3){ref-type="fig"}). The levels of LC3II/LC3I in miR-17-3p mimics group had been dynamically increased by miR-17-3p mimics, and LC3II/LC3I levels were decreased in miR-17-3p inhibitor group by miR-17-3p inhibitor, compared with control group ([Fig. 3C, D](#f3){ref-type="fig"}).

![Effects of miR-17-3p mimics and miR-17-3p inhibitor on H9C2 cell. H9C2 cells were treated with miR-17-3p mimics and miR-17-3p inhibitor for 24 hours. **(A)** The level of miR-17-3p was measured by qRT-PCR assays. **(B)** Cell viability was evaluated using MTT assays. **(C, D)** The protein level of LC3II/LC3I was analyzed via western blot. Values were presented by mean ± SD, and the relationship between the two groups was analyzed by ANOVA with Tukey\'s test (\* vs. Control group, \# vs. NC group; \*\^*p* \< 0.05, \*\*^\#\#^*p* \< 0.01).](fig-3){#f3}

Effects of miR-17-3p inhibitor combined RS on OGD/R injury and the levels of miR-17-3p, LC3II/LC3I, cleaved caspase-3, and Cyto c in H9C2 cell {#s015}
----------------------------------------------------------------------------------------------------------------------------------------------

miR-17-3p inhibitor decreased miR-17-3p level of H9C2 cell in OGD/R, and RS enhanced miR-17-3p level of H9C2 cell in the presence of OGD/R in combination with miR-17-3p inhibitor ([Fig. 4A](#f4){ref-type="fig"}). Moreover, miR-17-3p inhibitor attenuated cell viability in OGD/R group, whereas RS augmented OD values in OGD/R + miR-17-3p inhibitor group ([Fig. 4B](#f4){ref-type="fig"}). miR-17-3p inhibitor promoted LDH leakage in H9C2 cell treated with OGD/R, however, RS reduced the amount of LDH leakage in H9C2 cell treated with OGD/R in combination with miR-17-3p inhibitor ([Fig. 4C](#f4){ref-type="fig"}). As for apoptosis, miR-17-3p inhibitor and OGD/R increased H9C2 cell apoptosis, and RS reduced apoptosis rate in H9C2 cell treated with OGD/R or OGD/R in combination with miR-17-3p inhibitor ([Fig. 4D](#f4){ref-type="fig"}).

![Effects of miR-17-3p inhibitor combined RS on OGD/R injury. NC group: NC transfected H9C2 cell for 24 hours; miR-17-3p inhibitor group: miR-17-3p inhibitor transfected H9C2 cells for 24 hours; OGD/R + NC group: NC transfected H9C2 cell for 24 hours, meanwhile, H9C2 cells were put in OGD/R model and normal culture conditions; OGD/R + miR-17-3p inhibitor group: miR-17-3p inhibitor transfected H9C2 cells for 24 hours, meanwhile, H9C2 cells were placed in OGD/R model and normal culture conditions; RS + OGD/R + NC group: RS and NC treated H9C2 cell for 3 hours. Then, H9C2 cells-treated NC were placed in OGD/R model and normal culture conditions for 21 hours; RS + OGD/R + miR-17-3p inhibitor group: RS and miR-17-3p inhibitor treated H9C2 cell for 3 hours. Then, H9C2 cells-transfected miR-17-3p inhibitor were placed in OGD/R model and normal culture conditions for 21 hours; **(A)** The expression of miR-17-3p was analyzed using qRT-PCR assays. **(B)** Cell viability was measured with MTT assays. **(C)** LDH leakage was detected by colorimetric assays. **(D)** Cell apoptosis was evaluated using flow cytometer with dead cell apoptosis kit. **(E)** The levels of LC3II/LC3I, cleaved caspase-3, and Cyto c were detected by western blot. Values were presented by mean ± SD, and the relationship between the two groups was analyzed by ANOVA with Tukey\'s test (\# vs. NC group, \^ vs. OGD/R + NC group, & vs. RS + OGD/R + NC group; ^\#&^*p* \< 0.05, ^\*\*\#\#&&^*p* \< 0.01).](fig-4){#f4}

Furthermore, miR-17-3p inhibitor and OGD/R increased the protein levels of cleaved caspase-3 and Cyto c in H9C2 cell, and RS decreased the levels of cleaved caspase-3 protein and Cyto c in H9C2 cell treated with OGD/R or OGD/R in combination with miR-17-3p inhibitor ([Fig. 4E](#f4){ref-type="fig"}). Besides, RS increased the ratio of LC3II to LC3I in miR-17-3p inhibitor group and miR-17-3p inhibitor + OGD/R group ([Fig. 4E](#f4){ref-type="fig"}).

Effects of miR-17-3p mimic combined RS on OGD/R injury and the levels of miR-17-3p, LC3II/LC3I, cleaved caspase-3, and Cyto c in H9C2 cell {#s016}
------------------------------------------------------------------------------------------------------------------------------------------

The results showed that miR-17-3p mimic significantly increased the level of miR-17-3p ([Fig. 5A](#f5){ref-type="fig"}). The cell viability of the OGD/R+ miR-17-3p mimic group was higher than that of the OGD/R+NC group, and the cell viability ancestors in the RS+ OGD/R+ miR-17-3p mimic group were higher than that in OGD/R+ miR-17-3p mimic group or RS+ OGD/R +NC group ([Fig. 5B](#f5){ref-type="fig"}). The LDH levels of the RS+ OGD/R+ miR-17-3p mimic group were significantly lower than those in the OGD/R+ miR-17-3p mimic group and the RS+ OGD/R+NC group ([Fig. 5C](#f5){ref-type="fig"}). Furthermore, miR-17-3p mimic reduced apoptosis rate in H9C2 cell treated with OGD/R or OGD/R in combination with RS ([Fig. 5D](#f5){ref-type="fig"}). In addition, miR-17-3p mimic further promoted LC3II/LC3I levels in cells treated with OGD/R in the presence of RS ([Fig. 5D](#f5){ref-type="fig"}) and inhibited cleaved caspase-3 and Cyto c expressions ([Fig. 5E](#f5){ref-type="fig"}).

![Effects of miR-17-3p mimic combined RS on OGD/R injury. NC group: NC transfected H9C2 cells for 24 hours; miR-17-3p mimic group: miR-17-3p mimic transfected H9C2 cells for 24 hours; OGD/R + NC group: NC transfected H9C2 cells for 24 hours, meanwhile, H9C2 cells were put in OGD/R model and normal culture conditions; OGD/R + miR-17-3p mimic group: miR-17-3p mimic transfected H9C2 cells for 24 hours, meanwhile, H9C2 cells were placed in OGD/R model and normal culture conditions; RS + OGD/R + NC group: RS and NC treated H9C2 cells for 3 hours. Then, H9C2 cells-treated NC were placed in OGD/R model and normal culture conditions for 21 hours; RS + OGD/R + miR-17-3p mimic group: RS and miR-17-3p mimic treated H9C2 cells for 3 hours. Then H9C2 cells-transfected miR-17-3p mimic were placed in OGD/R model and normal culture conditions for 21 hours; **(A)** The expression of miR-17-3p was analyzed using qRT-PCR assays. **(B)** Cell viability was measured with MTT assays. **(C)** LDH leakage was detected by colorimetric assays. **(D)** The levels of LC3II/LC3I, cleaved caspase-3, and Cyto c were detected by western blot. Values were presented by mean ± SD, and the relationship between two groups was analyzed by ANOVA with Tukey\'s test (\# vs. NC group, \^ vs. OGD/R + NC group, & vs. RS + OGD/R + NC group; ^\#&^*p* \< 0.05, ^\*\*\#\#&&^*p* \< 0.01).](fig-5){#f5}

Discussion {#s017}
==========

Ischemia leads to myocardial infarction, and reperfusion therapy is an effective method to enhance clinical outcome, whereas reperfusion contributes to myocardial cell death (Bainey and Armstrong, [@B4]), therefore, I/R injury occurs in cardiac therapy in clinical (Herr et al., [@B18]). Apoptosis in cardiomyocyte is well known to be an important mechanism of I/R injury (Freude et al., [@B12]; Gottlieb et al., [@B16]). In our study, we demonstrated that OGD/R induced cell apoptosis and decreased cell viability ([Figs. 1](#f1){ref-type="fig"} and [4](#f4){ref-type="fig"}). Besides, RS increased H9C2 cell viability and decreased H9C2 cell apoptosis ([Fig. 2](#f2){ref-type="fig"}).

LDH is one of major metabolic enzymes in the heart and can be released into serum when cardiac damage (Zhang et al., [@B39]) takes place. LDH leakage was regarded as an indicator to the evaluation of the degree of cardiac myocytes injury (Amani et al., [@B2]). Light-chain 3 (LC3) recruitment to phagosomes is required for phagosome maturation (Romao and Munz, [@B31]). Membrane association of LC3 family proteins is achieved by the formation of a covalent bond to phosphatidylethanolamine (PE). ATG7 acts as the LC3 activating enzyme, while ATG3 acts as the LC3 conjugating enzyme that transfers LC3 to PE to form LC3--PE/LC3-II (Dancourt and Melia, [@B10]). The lipidated protein then drives autophagy (Nath et al., [@B28]).

Therefore, lipidation of LC3 leads to the increase of the ratio of LC3-II/LC3-I, which is usually used to be a marker for autophagy in various tissues (Fritzen et al., [@B13]). OGD/R increased H9C2 cell injury, and RS attenuated cell apoptosis induced by OGD/R and increased cell viability and autophagy in H9C2 cell treated with OGD/R ([Fig. 4](#f4){ref-type="fig"}).

Cleaved caspase-3 and cytochrome c (Cyto c) are related to cell apoptosis signaling pathway, and upregulated cleaved caspase-3 and Cyto c can increase cell apoptosis (Chang et al., [@B7]; Martinez-Fabregas et al., [@B27]). Recent studies suggested that autophagy may protect against I/R injury, and it increases cell viability via autophagy pathway (Li et al., [@B22]; Wang et al., [@B35]). RS attenuated OGD/R-induced apoptosis by improving autophagy.

To investigate target gene affected by autophagy, we determined the expression of miR-17-3p and autophagy during OGD/R, miR-17-3p mimics, miR-17-3p inhibitor, and RS. We found that higher expression of miR-17-3p promoted autophagy, and RS improved the expression of miR-17-3p during OGD/R, which was in accordance with the improvement of autophagy. Besides, RS also promoted expression of miR-17-3p during H9C2 cell treated with OGD/R and miR-17-3p inhibitor; meanwhile, RS improved autophagy. The results in our study showed that RS promoted autophagy in H9C2 cell by upregulating the expression of miR-17-3p.

Overall, our findings revealed that RS improved cardiocyte viability or reduced cell death via cleaved caspase-3/Cyto c apoptosis signaling pathway. We also found that upregulated miR-17-3p can promote autophagy in cardiocyte, and autophagy promoted cardiocyte viability. The relationship among RS, autophagy, and miR-17-3p has been investigated in this study, and it is clear that they play important roles in I/R injury. Our data suggest that RS reduced myocardial I/R injury by inhibiting autophagy caused by upregulation of miR-17-3p.
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